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We report the ionic liquid (IL) gating of a solution processed semiconducting polymer, poly(2,5-
bis(3-hexadecylthiophen-2-yl)thieno[3,2-b]thiophene) (PBTTT). IL gating relies on the poor
solubility of PBTTT, which requires hot chlorinated benzenes for solution processing. PBTTT,
thus, resists dissolution even in IL, which otherwise rapidly dissolves semiconducting polymers.
The resulting organic thin film transistors (OTFTs) display low threshold, very high carrier
mobility (>3 cm2/Vs), and deliver high currents (in the order of 1mA) at low operational voltages.
Such OTFTs are interesting both practically, for the addressing of current-driven devices (e.g.,
organic LEDs), and for the study of charge transport in semiconducting polymers at very high
carrier density.VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4875746]
Much of the attraction of using organic semiconductors
(OSCs) comes from their processing options: semiconduct-
ing polymers, in particular, can often be processed from sol-
utions. To maximise processing advantages, all device
components, not just the semiconductor, should be solution
processed. A limiting factor, however, is the generally lower
charge carrier mobility in OSCs, compared to conventional
semiconductors. This is an issue in applications where or-
ganic thin film transistors (OTFTs) have to supply current,
e.g., to drive organic light emitting diodes. Maximising the
current delivered by solution-processed OTFTs is thus the
subject of many studies, including this letter. Equation (1)
provides a guideline towards high current OTFTs that work
at moderate operational voltages
ID;sat ¼ W
2L
lCi VG  VTð Þ2 : (1)
Wherein, the saturated drain current ID;sat is the highest cur-
rent an OTFT can deliver at a given gate voltage, VG.
1 W=L
stands for the width/length of the OTFT channel, l for the
semiconductor’s charge carrier mobility, Ci for the gate
medium’s specific capacitance, and VT for the OTFT thresh-
old voltage. Clearly, high mobility semiconductors, com-
bined with high capacitance gate media and low threshold
maximise drain current for a given gate voltage. However,
parameters l, Ci, and VT are convoluted, e.g., high Ci leads
to reduced VT , but may rely on polar gate media that reduce
l.2 Also, every gate medium has a limited stability to applied
voltages (dielectric breakdown for insulating gate media,
electrochemical window for electrolytes). Hence, VG is lim-
ited to a practical maximum, VG (max). As the geometry
factor W=L is somewhat arbitrary, we define two figures-of-
merit independent of W=L to quantify the ability of an OTFT
to deliver current, namely the maximum sheet current IW ,
and the lowest sheet resistance RW , according to Eq. (2)
IW ¼ L
W
ID;sat VG ¼ VG maxð Þð Þ; (2a)
RW ¼ VG maxð Þ
IW
: (2b)
In recent years, OTFTs using electrolytes rather than insula-
tors as gate media have been demonstrated, including solid
electrolytes,3,4 water,5,6 and ionic liquids (ILs).7–9 Under
applied gate voltage, an extremely thin electric double layer
(EDL) forms at the electrolyte/semiconductor interface, with
high specific capacitance (>1000 nF/cm2), low VT , and con-
sequently high IW /low RW . Ionic liquids (ILs) lead to particu-
larly high Ci, and display key practical advantages over
aqueous electrolytes: ILs are not volatile,10 and IL/polymer
formulations can be inkjet printed and subsequently gel into
a quasi- solid film.11 However, ILs are excellent solvents,10
and thus not generally suited for use with solution processed
OSCs- previous reports of IL- gated OTFTs used vacuum
evaporated OSCs only.7–9
Here, we report on an OTFT that uses a solution-
processed polymer OSC in conjunction with an IL gate
medium. We used the polymer OSC poly(2,5-bis(3-hexade-
cylthiophen-2-yl)thieno[3,2-b]thiophene) (PBTTT), Fig. 1(a),
which is known for its exceptionally high carrier mobility.4,12
Also, due to its particularly rigid conjugated backbone,
PBTTT only dissolves in hot chlorinated benzenes.12 We
here show that PBTTT’s poor solubility extends to an IL, 1-
ethyl-3-methylimidazolium-bis(trifluoromethyl-sulfonyl)imide
(“EMITSFI”) Fig. 1(b), which had previously been used as
gate medium for evaporated OSCs.7,9 Resulting OTFTs dis-
play good figures- of- merit IW and RW .
For OTFT fabrication, we used prefabricated gold sour-
ce/drain (S/D) contact substrates of W¼ 2mm/L¼ 10lm
(W=L ¼ 200) described previously,6 and inkjet printed silver
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(Ag) contacts of W ¼ 3mm = L ¼ 40lm (W=L ¼ 75)
printed from a 20wt:% suspension of silver nanoparticles
(size ranged 20–50 nm) in ethanol and ethylene glycol (from
Sun Chemical, Slough, GB), similar to a procedure reported
previously.13,14 Ink viscosity and surface tension were 12 mPa
s and 27–31mN/m at room temperature, respectively. We
used a JetLab 4xl printing system (Microfab, Inc., Plano, TX),
equipped with a 60 lm diameter drop-on-demand piezoelec-
tric printhead (MJ-AT-01-60, Microfab, Inc.). Printing fre-
quency was set at 100Hz, voltage to 60V, and a pulse width
to 10ls. Printing was performed at room temperature onto
glass substrates previously cleaned with acetone and isopropa-
nol. Printed contact substrates were allowed to dry at room
temperature for 10 min before being placed on a hotplate at
200 C for 60min to remove the carrier solvent and organic
components and sinter the silver nanoparticles. (An image of
the printed S/D substrates is shown as an inset in Fig. 3(b)).
The resistance between the pad for external contacting, and
the “source” contact to the OTFT channel, was measured
as 40 X. 7mg/ml PBTTT sourced from Ossila Ltd was dis-
solved by stirring into hot 1,2 dichlorobenzene (DCB)
(110 C) for 45 min, and spun onto contact substrates from
hot (100 C) DCB for 40s at 5000 rpm. After casting, films
were dried under dynamic vacuum at 110 C for 1 h. For elec-
trolyte gating, we applied droplets (5-8 ll) of EMITSFI IL
(sourced from Aldrich), or DI water, from a microlitre syringe
over the channel area, and inserted an Au gate needle
(American Probe and Technologies) bent into L- shape. For
FIG. 1. Chemical structures of semiconducting polymer PBTTT, and ionic
liquid EMITFSI.
FIG. 2. (a) Output characteristics for IL- gated PBTTT OTFT with Au sour-
ce/drain contacts. (b) Saturated transfer characteristics (red short dash),
parameteric in time, for same device. Also shown is the saturated transfer
characteristic for same device when gated with water (green long dash). The
drive voltage, applied to the source, is shown in solid blue.16
FIG. 3. (a) Output characteristics for IL- gated PBTTT OTFT with printed
Ag source/drain contacts. (b) Saturated transfer characteristics (red short
dash), parametric in time, for same device. Drive voltage in solid blue. Inset:
Optical micrograph of printed/fused Ag contacts; L¼ 40 lm.
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electrical characterisation, we used either a setup consisting of
two Keithley 4200 source/measure units15 (for output charac-
teristics), or a bespoke current/voltage (I/V) converter setup
described previously6,16–18 for saturated transfer characteris-
tics. All measurements were carried out under ambient
atmosphere.
Figs. 2(a) and 2(b) shows output characteristics, and satu-
rated transfer characteristics, of an IL- gated PBTTT OTFT
with Au contacts. Note that the transfer characteristic is shown
parametric in time, rather than explicitly. The acquisition and
evaluation of parametric transfer characteristics, and the rea-
sons for doing so, were discussed in detail previously.6,16–18
The PBTTT OTFT output characteristics display near- ideal
shape, with little hysteresis and linear ID(VD) behaviour for
low VD, which indicates good hole injection at the Au/PBTTT
source contacts (“ohmic contacts”). At large negative VD and
VG, ID saturates; at VG ¼ VD ¼ 1V, we observe a drain cur-
rent of jIDj ¼ 1:52mA, which according to Eq. (2) gives
IW ¼ 7.6lA/ and RW ¼ 131.6 kX/. This is an exceptionally
low OTFT sheet resistance, in comparison to other recent
reports, cited in Table I, of high performance OTFTs. Like
Regioregular poly(3-hexylthiophene-2,5-diyl) (P3HT),5 PBTTT
can also be gated with deionised water, an example is
included in Fig. 2(b). Resulting drain currents are lower than
for IL gating, but significantly larger than for water- gated
P3HT.5
In a control experiment with IL on a blank contact sub-
strate without OSC, we found maximum currents of only
0.45 lA. We can therefore safely exclude that parasitic cur-
rents in the IL account for the observed characteristics.
Charge carrier mobility in the saturated regime lsat, and
threshold voltage VT , can be evaluated from the saturated
transfer characteristics in Fig. 2(b) by eliminating time, and
plotting in the form I
1=2
D vs VG.
16 A straight line fit gives
threshold from the intercept with the VG- axis, and lsat from
the slope, cf. Eq. (1). We find VT ¼ 0:36V for IL gating. To
evaluate lsat, we assume specific capacitance of Ci 7000
nF/cm2, reported by Ono et al.7 for the IL EMITFSI at low
frequency (1Hz). We find lsat¼ 3.24 cm2/Vs, a remarkable
carrier mobility for a polymer OSC. However, PBTTT is al-
ready known for its exceptional mobility, e.g., Hamadani
et al. report a mobility of 1 cm2/Vs for dielectric- gated
PBTTT OTFTs.12 In addition, gating with a high capacitance
IL leads to very high charge carrier density in the accumula-
tion layer, and it is known that mobility increases at high car-
rier density.19
When we measure saturated transfers on IL- gated
PBTTT with drive voltages in excess of 1.2V, we soon find
a decline in on/off ratio (on/off 2200 under 1V drive), and
rapid decay in overall device performance. We believe this
decline is related to the electrolysis of water: The highly hy-
groscopic IL will rapidly absorb water from atmospheric hu-
midity, and while the “electrochemical window” of the
EMITSFI IL used here is 4.3V,10 it is only 1.23V for water.
We therefore limited ourselves to a maximum of 1V in sub-
sequent experiments. Limiting gate voltage to 1V is not a se-
rious drawback though: Xie and Frisbie have recently
reported that mobility declines again in IL- gated devices at
gate voltages >1V,8 probably due a binding between holes
in the OSC and anions in the IL.
Realistic “printed electronics” requires solution process-
ing of all OTFT components, including the S/D contacts. We
have therefore also prepared IL-gated PBTTT OTFTs with
printed Ag contacts. Characteristics are shown in Fig. 3.
Output characteristics Fig. 3(a) display significant hyster-
esis, and for low gate voltages, ID(VD) at low drain voltage is
not linear, but ID remains sublinear initially and curves
upwards only at higher VD. Such sub- linear shape is the sig-
nature of a significant hole injection barrier at the printed
Ag/PBTTT contact, due to the lower work function of Ag
compared to Au. The exceptionally high conductivity of the
IL- gated channel exacerbates the poor contacts, leading to
highly non-ideal output characteristics. However, at higher
gate voltages, the injection problem at the contact is resolved,
probably because the high gate voltage strongly assists tun-
nelling injection. Therefore, IL-gated PBTTT with printed
Ag contacts deliver high drain currents at VG ¼ VD ¼ 1V.
In fact, sheet current is higher (IW ¼ 9.7lA/ vs.
TABLE I. Figures- of- merit IW and RW (Eq. (2)) from recent publications, in comparison to data from this work. We include a range of semiconductors (solu-
tion processed and evaporated), and gate media (dielectrics, solid electrolytes, liquid electrolytes). We calculated IW and RW from characteristics shown in the
respective publications.
References Semiconductor Deposition hþ/e Gate medium IW [lA/] RW [MX/]
Hasegawa et al.21 C8-BTBT Ink jet (2 shot) h
þ Dielectric 69 0.87
Klauk et al.22 DNTT Evaporation hþ Dielectric 0.54 5.56
Bao et al.23 Pentacene Evaporation hþ Dielectric 0.3 6.7
Horowitz et al.5 P3HT Spin casting hþ Water 0.0054 111
Grell et al.6 ACN- conditioned BBL nanobelts Drop casting e Water 0.35 2.28
Berggren et al.3 P3HT Spin casting hþ Solid electrolyte 0.0175 57
Frisbie et al.3
Takeya et al.7
Rubrene Evaporation hþ Ionic liquid 0.66 0.3
Takeya et al.9 C60 Evaporation e
 Ionic Liquid 0.027 37
Heeney et al.12 PBTTT Spin casting hþ Dielectric 25 2.4
Torsi et al.4 PBTTT Spin casting hþ Solid electrolyte 0.459 2.18
This work PBTTT (Au contacts) Spin casting hþ Ionic Liquid 7.6 0.132
This work PBTTT (inkjet Ag contacts) Spin casting hþ Ionic Liquid 9.7 0.102
This work PBTTT (Au contacts) Spin casting hþ Water 1.6 0.64
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IW ¼ 7.6lA/) and sheet resistance lower (RW ¼ 102kX/
vs. RW ¼ 131.6 kX/) than for OTFTs with Au S/D contacts,
despite the injection barrier at the Ag contact. It is known,
however, that apparent carrier mobility (and hence, sheet cur-
rent), increases for longer channel length, L, because the rela-
tive contribution of contact resistance is diluted by longer
channels, even when contacts are ohmic.20 The dependence
of apparent mobility on L casts some doubt on the sheet cur-
rent/sheet resistance metric in general, but it is nevertheless
widely used for characterising conductive surfaces, e.g., syn-
thetic metal films.
To summarise, we report the IL gating of a solution
processed semiconducting polymer, PBTTT. Performance of
resulting OTFT devices is shown in Table I, in the form IW
and RW , in comparison to a few high- performance OTFTs
from the recent literature.
Our figures-of-merit for entirely solution-processed
OTFTs compare favourably within Table I, which is the
result of the concurrent high capacitance, high carrier mo-
bility, and low threshold, of the PBTTT/EMITSFI EDL
transistor. Also, IL gating of PBTTT allows exploring the
intriguing physics of OSCs at extremely high charge carrier
concentrations8 on the example of a semiconducting poly-
mer. As a concluding remark, we note that currently, the
operational lifetime of the devices introduced here is still
limited to not much longer than 1 h, probably due to an
eventual slow dissolution of PBTTT in IL. Limited durabil-
ity warrants further improvement, e.g., by the use of a gelled
IL,11 or synthesis of a PBTTT derivative that can be cross-
linked after deposition.
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